INTRODUCTION
Apoptosis is a genetically regulated, self-destructive cellular death process that is important in development, tissue remodeling, immune regulation, and many diseases. 1, 2 One of the crucial intracellular signaling events in apoptosis is the sequential activation of caspases, a family of cysteine-dependent aspartate-directed proteases. [2] [3] [4] Among the 14 isoforms of caspases described to date, caspases-2, -8, -9 and -10 have long prodomains which facilitate colocalization of these enzymes with interacting adapter proteins upon apoptotic stimuli. Aggregation of these enzymes results in self-activation. Activation of these initiator caspases can lead either to cytochrome c release from mitochondria, which in turn activates downstream effector caspases, or to direct activation of downstream caspases. 5 The downstream effector caspases, such as caspase-3, -6 and -7, execute apoptotic responses by cleaving various cellular proteins. 6 Although caspases are important players in regulating apoptosis, their function in cell death pathways is not indispensable in certain cell types and circumstances. Evidence was provided by the observation that membrane derivates of the peptide benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (zVAD) failed to prevent cell death in some cell death programs and even aggravated cell death in certain cell types. [7] [8] [9] [10] [11] [12] [13] Macrophages play a crucial role in immunity as well as in remodeling tissues. Macrophages are phagocytes that are responsible for ingesting and digesting senescent, dead and damaged cells in many tissues as well as micro-organisms. They are also very important players in innate immunity because of their non-selective response to almost all infectious micro-organisms. Moreover, activated macrophages produce cytokines such as tumor necrosis factor (TNF)-α, and interleukin (IL)-1 which are crucial mediators of host inflammatory responses. 14 Since macrophages play such a crucial role in immunity as well as in remodeling tissues, one would assume that the life-span of activated macrophages is important in physiological and pathological processes. The present study shows that the
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death program of macrophages appears to be unique in comparison with other immune cells. Interestingly, the pan-caspase inhibitors, which prevent apoptosis in many different types of cells including T and B cells, induced apoptosis of macrophages treated with lipopolysaccharide and promoted cell death induced by the apoptosis-inducing agents sodium nitroprusside (SNP) and etoposide. SNP is a precursor for nitric oxide which causes vasodilation as well as DNA damage and oxidative reactions in various cell types including macrophages. 15 Promoting apoptosis by caspase inhibitors has not been reported, indicating that an unknown mechanism governs the apoptotic program in macrophages.
MATERIALS AND METHODS

Cell culture
The murine monocyte/macrophage cell line, RAW264.7, was maintained in DMEM medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, 1 mM sodium pyruvate, 2 mM glutamine and 5 mM HEPES (N-2-hydroxyethylpiperazine-N′-2ethanesulfonic acid; complete DMEM). The human T lymphocytes, Jurkat, and murine fibrosarcoma, L929, cells were cultured in RPMI 1640 supplemented as for RAW264.7 cells. All experiments were performed in complete DMEM or RPMI 1640.
Cell viability assays
The extent of cell death was measured using propidium iodide (PI; Sigma, Irvine, CA, USA) permeability analysis. PI staining was assessed after incubation of the cells with 2 µg/ml PI, followed by flow cytometric (FACS) analysis using a Becton Dickinson FACscan (Becton Dickinson, San Jose, CA, USA) and CellQuest software.
FACS analysis of annexin and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining
Apoptotic cells that are accompanied by phosphatidylserine exposure to the outer leaflet were analyzed by incubating cells with FITC-conjugated annexin V (Roche Molecular Biochemicals, Indianapolis, IN, USA). Labeling procedures followed those suggested by the manufacturer's manual. Briefly, cells were resuspended in annexin labeling solution containing 10 mM HEPES (pH 7.4), 140 mM NaCl, 5 mM CaCl 2 and FITCconjugated annexin V for 15 min. After washing twice with PBS, cell pellets were resuspended in PI (2 µg/ml) containing PBS and analyzed by FACS. DNA strand breaks induced by apoptosis were identified using a TUNEL assay kit following the manufacturer's protocol (Roche Molecular Biochemicals). Briefly, 1-2 x 10 6 cells were fixed in 4% paraformaldehyde for 30 min at room temperature. After washing the cells twice with PBS, the cells were resuspended in permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate) for 2 min on ice. Cells were then washed twice with PBS, followed by incubation for 60 min at 37°C in TUNEL reaction mixture, containing 0.3 nM FITC-dUTP, 3 nmol dATP, 50 nM CoCl 2 , 5 U terminal deoxynucleotidyltransferase, 0.2 M sodium cacodylate, 0.25 mg/ml BSA and 25 mM Tris-HCl, pH 6.6. After incubation, the cells were washed twice with PBS and analyzed by flow cytometry.
Transmission electron microscopy
Cells were grown in 35 mm Petri dishes, fixed for 30 min on ice in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) + 1 mM CaCl 2 and washed in 0.1 M cacodylate buffer. Following treatment with 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h at room temperature and further washing in 0.1 M sodium cacodylate buffer, each sample was incubated with 0.5% tannic acid in 0.05 M cacodylate for 30 min then rinsed in 1% Na 2 SO 4 in 0.1 M cacodylate for 10 min and then rinsed in 0.1 M cacodylate buffer. The cells were dehydrated in 30% ethanol, en bloc stained in 1% uranyl acetate in 50% ethanol for 15 min followed by further dehydration in 50%, 70%, 90% and 2 changes of 100% ethanol. Since the cells were grown in regular plastic Petri dishes, they were then cleared in HPMA (2-hydroxypropyl methacrylate) 2 times for 15 min each and embedded in LX-112 (Ladd, Burlington, VT, USA). After polymerization at 60% for 24 h, the plastic Petri dish was broken away, and the thin resin disk with cells was cut up into small pieces which were attached to blank blocks with Superglue. Thin sections were cut using a diamond knife, mounted on copper slot grids, stained with uranyl acetate and lead citrate and examined on a Philips CM-100 electron microscope. Specific images were recorded photographically using Kodak SO-163 film.
RESULTS
Cell specific effects of the pan-caspase inhibitor zVAD in cell death
To test the effects of zVAD in different cell types, murine macrophage, RAW264.7, human T lymphocytes, Jurkat, and murine fibrosarcoma, L929, cells were exposed to various known apoptosis-inducing agents. Figure 1 shows that all of the cell types tested were sensitive to SNP (500 µM; 24 h) and etoposide (200 µM; 24 h). Tumor necrosis factor (TNF; 200 pM for 24 h), which can cause both apoptotic and necrotic cell death, 16 also induced cell death in Jurkat cells (Fig. 1A,B ) but not in RAW246.7 cells (data not shown). Even though zVAD (50 µM) was able to protect cell death induced by these agents in Jurkat cells (Fig. 1A) , in RAW246.7 and L929 cells, it further enhanced cell death induced by these agents. LPS (100 ng/ml for 24 h), a well-known activator of macrophages, caused no obvious cell death (Fig. 1C ). However, in the presence of zVAD (50 µM), up to 65% of RAW246.7 cells were killed in 24 h. Similar results were observed in J774 cells, another murine macrophage cell line, but not in Jurkat and L929 cells (data not shown). LPS alone or zVAD alone had no effect on cell viability even over 48 h (data not shown).
LPS + zVAD-induced death of RAW246.7 cells is mediated by nuclear fragmentation and chromatin condensation
To investigate whether an apoptotic pathway mediated the cell death described above, nuclear events were analyzed in LPS + zVAD-treated RAW264.7 cells. First, nuclear DNA fragmentation was analyzed by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay. As shown in Figure 2A , treatment of RAW264.7 cells with LPS + zVAD increased the number of TUNEL-positive cells to 5% and 49% by 6 h and 12 h, respectively, indicating degradation of DNA. The pattern of nuclear DNA fragmentation was similar to that observed in cells treated with SNP and etoposide (Fig. 2B ). Morphological observation using transmission electron microscopy also conspicuously shows chromatic condensation in RAW264.7 cells treated with LPS + zVAD (Fig. 2) . The similar patterns of condensation were also observed in SNP-and etoposide-treated cells which were lacking in control cells ( Fig. 2E,F) .
Since LPS + zVAD-induced apoptosis appears to be unique with regard to the role of caspases, we have compared this cell death with other cell death processes that are either caspase-independent or caspase inhibitorenhanced. TNF-induced necrotic death of L929 cells can be significantly enhanced by zVAD. 16 This enhancement correlates with the production of oxygen radicals and can be blocked by butylated hydroxyanisole (BHA), a free radical scavenger. BHA in the present study had only a modest effect (~10% inhibition of cell death) on LPS + zVAD-induced cell death (data not shown), suggesting a different mechanism of the cell death.
DISCUSSION
The present study shows that the pan-caspase inhibitor zVAD can enhance cell death in L929 and RAW246.7 cells. Interestingly, in LPS-activated RAW246.7 macrophages, zVAD can even induce cell death (Fig. 1) . The cell death manifested hallmarks of apoptosis such as chromatin condensation and nuclear fragmentation (Fig. 2) . The observation that a pan-caspase inhibitor induces apoptotic cell death is unique. This extreme case supports the notion that caspases may not be indispensable for apoptosis and further suggests that a certain caspase(s) may function as an anti-apoptotic effector(s). Although the role of caspases in apoptosis has been well established, z-VAD and other caspase inhibitors do not always prevent cell death. While these inhibitors clearly prevent the nuclear changes characteristic of apoptosis, cell death occurred at the same rate. [7] [8] [9] [10] [11] [12] [13] At present, the mode of action for zVAD in cell death is not clear. Since zVAD enhanced or induced apoptosis in SNP-, etoposide-and LPS-treated cells, its target(s) appears to be downstream to these stimuli but different from the one(s) in L929 cells. One possible target in cell death may be to block an anti-apoptotic caspase. Tissue-specific expression of a truncated form of caspase-2, caspase-2s, was shown to be involved in an anti-apoptotic process. Motor neurons and sympathetic neurons of caspase-2-deficient mice undergo apoptosis more effectively during development and NGF deprivation. 17 Over-expression of caspase-2s also suppresses apoptosis induced by serum deprivation. 18 RAW264.7 cells expressed both the full-length and truncated forms of caspase-2 (data not shown), and thus caspase-2s is a candidate for the anti-apoptotic caspase in RAWcells.
Infiltration and accumulation of macrophages often causes adverse effects in pathological conditions such as allergic and inflammatory diseases and in tumor growth. Regulation of the life-span of macrophages could, there-fore, play an important role in physiological and pathological processes. Under normal physiological conditions, homeostatic control of monocytes/ macrophages occurs through proliferation of stem cells and apoptosis of differentiated cells. Caspase-3 has been shown to be involved in spontaneous apoptosis of monocytes. 19 Activation of monocytes by LPS prolonged the life-span of the cells. 19 Here we show that a pan-caspase inhibitor could induce apoptosis of LPS-activated macrophages. Our results suggest that the cell death pathway in macrophages may be altered after activation. Death of activated macrophages had a pattern that was distinct from death of other leukocytes. Selectively promoting macrophage death using zVAD may be useful in developing novel therapeutic strategies for treating chronic inflammatory conditions as well as myeloid leukemia. 
